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Abstract
The works aims at providing a better understand-
ing of the response of a flame to inlet perturbations.
This is achieved through a Large Eddy Simulation
(LES) of a realistic burner namely the General Elec-
tric (GE) conical burner. The burner is characterised
by two main sections: the mixing section and the com-
bustion chamber, the two sections are challenging in
terms of geometry and combustion modelling respec-
tively. Different simulation tools are selected for each
of the two sections with the simulations being cou-
pled via the use of Proper Orthogonal Decomposi-
tion (POD) for the velocity and mixture fraction fields.
The combustion model used for the scalar fields is the
transported joint sub grid scale (sgs) probability den-
sity function (pdf), which is solved using the stochas-
tic fields method. Two different configurations with
two flame temperatures are simulated. The dynamic
behaviour of the four methane flames is analysed in
terms of the Flame Transfer Function (FTF). Experi-
mental results are used for validation for both the ve-
locity field and FTF.
1 Introduction
Regulations on the emissions generated by gas
turbines for power generation has resulted in the
widespread use of devices operating in the premixed
lean combustion regime. This is due to the lower
temperatures reached in this condition. However, this
regime has as a downside of a greater tendency to com-
bustion instabilities. The dynamic response to acoustic
perturbations of such devices can have severe conse-
quences on the combustor integrity and there is thus a
clear need for an improved understanding of the phe-
nomenon.
The unsteady heat release rate caused by flame per-
turbations due to fluctuations in the flow field, gener-
ates a pressure wave. This wave can travel both up-
stream and downstream. When the wave is reflected
and reaches the flame location again, a new perturba-
tion occurs generating a maximum in the heat release
rate. This mechanism can eventually lead to self sus-
tained oscillations which can become unstable if the
acoustic perturbation is in phase with the heat release.
The phenomenology of acoustic instabilities was first
studied by Lord Rayleigh (1896) and is well known
to be extremely hazardous because of its potential to
severely compromise the whole device.
To analyse the stability of a combustion system, if
the flame is compact with the pressure wave length, a
network model, as in Bellucci et al. (2005), may be
suitable. This allows devices to be decomposed into
different modules with each being characterised by a
transfer function. The stability of the system can then
be studied from a dynamical system point of view.
Amongst the different modules a plenum, boundary
conditions and the flame itself can be considered. The
present work focuses on the simulation of the FTF for
a specific burner configuration.
The geometry and boundary conditions imple-
mented are representative of the General Electrics
Conical Burner, which comprises two sections: a mix-
ing section where the mixing between fuel and air oc-
curs and the combustor where the flame stabilises. The
fuel used by the burner is methane. The geometry of
the burner is shown in Figure 1. The complexity of
the mixing section is such that the use of an unstruc-
tured CFD code is the optimum approach to simula-
tion in this section. On the other hand the combus-
tor is simpler in terms of geometry and can thus be
simulated using the block structured combustion LES
code BOFFIN-LES; burning occurs only in the com-
bustor and it is only here that a combustion model is
needed. The characterisation of the mixing section is
obtained by calculating the unit response of the sys-
tem by means of the Wiener-Hopf filtering technique
in conjunction with a POD of the velocity field com-
ponents and mixture fraction Berkooz et al. (1993).
Once the turbulent and dynamic behaviour of the mix-
ing section is obtained the velocity field, mixture frac-
tion and temperature to be used as boundary condi-
tions for the combustor can be obtained by reverse
(a) Mixing Section. (b) Combustor.
Figure 1: Geometry of the mixing section and mesh of the combustor.
transformation of the convolution between the char-
acteristic function and the forcing signal applied at the
inlet of the mixing section, Broghesi et al. (2009).
The ability to obtain the dynamic response of a sys-
tem without the need of performing a full CFD cal-
culation allows the coupling of the mixer component
solution with the LES-pdf code BOFFIN-LES respon-
sible for the combustion simulation. Once the flame is
simulated, it is possible to relate the heat release rate
of the flame to the inlet perturbation through the in-
troduction of a Flame Transfer Function (FTF). The
aim of the present work is to investigate the dynamic
response of the turbulent fully premixed flame arising
in the conical burner, and to correlate different operat-
ing conditions with the position of the Central Recir-
culation Zone (CRZ) and therefore the stability of the
system. The ability to determine the FTF it is highly
advantageous when analysing the stability of the sys-
tem in the combustor design process. The novelty of
the present work lies in the utilisation of the Stochastic
Fields Method which is used to provide detailed infor-
mation on heat release rate and the production of the
chemical species in such systems.
2 Mathematical Modelling
The Coupling
The inlet of the mixing section has been perturbed
using a signal with spectrum spanning through all fre-
quencies from f = 0−300Hz further details of which
are given below. The corresponding outlet velocity
and mixture fraction composition obtained are applied
as inlet boundary conditions for the combustor in the
LES-pdf simulation. Using a look-up table for every
time step for every cell would be an excessively ex-
pensive exercise and a POD decomposition method is
therefore used. A generic time and space varying vari-
able y (x, t) can be decomposed in spatial and tem-
poral components by projecting the field into modes
characterised by eigenvalues λ as in:
y (x, t) =
Nm∑
i=1
(
λdi (t) + λ
t
i (t)
) · σ (x) (1)
The selected number of modes Nm depends on the
threshold in the energy spectrum that has been fixed.
The interested reader can refer to Biagioli et al. (2013)
for further details.
The Stochastic Fields Method
Reactive flows are fully described by the conserva-
tion equations for mass, momentum and scalar quan-
tities. Here the scalar equations comprises the species
conservation equations and the energy equation. In the
interest of brevity in this context details of the LES so-
lution of the velocity field will not be described. For
the present case the equations for the species conser-
vation and energy can be written in the general form.
∂ρgφ˜α
∂t
+
∂ρgφ˜αu˜j
∂xj
=
∂
∂xj
(
µ
σ
∂φ˜α
∂xj
)
+
∂J sgsj
∂xj
+ ρgω˙α
(
φ
) (2)
where φα is the αth scalar field, and σ is the Prandtl
or Schmidt number since Lewis number is considered
to be unity.
The filtered form of the conservation equations for
specific molar mass of the chemical species contain
the filtered net formation rates of the chemical species
through chemical reaction. In this context a 15 step
reduced mechanism based on GRI 3.0 detailed mech-
anism for methane is used Sung et al. (2001). The
direct evaluation of these poses serious difficulties, to
overcome this a joint sgs-pdf evolution equation for-
mulation is adopted.
The equation describing the evolution of the pdf,
is solved using the Eulerian stochastic field method,
where the sub grid scale filtered pdf P˜sgs(ψ) is repre-
sented by an ensemble of Ns stochastic fields for each
of theN scalars namely ξnα(x, t) for 1 ≤ n ≤ Ns, 1 ≤
α ≤ N .
In the present work the Itoˆ formulation of the
stochastic integral is adopted and the stochastic fields
evolve according to:
(a) Radial Velocity Profile.
(b) Axial Velocity Profile.
Figure 2: Comparison of LES, RANS, and experiments.
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where Γ′ represents the total diffusion coefficient
and dWni represent increments of a (vector) Wiener
process, different for each field but independent of
the spatial location x. The micro-mixing term is
closed using Linear Mean Square Estimation (LMSE)
Dopazo (1994) and the sgs-pdf flux is modelled with
a gradient diffusion model Schmidt (1989). The
stochastic term has no influence on the first moments
(or mean values) of ξnα.
The stochastic fields given by Equation (3) form an
equivalent stochastic system (both sets have the same
one-point pdf, Gardiner (1983)) smooth on the scale of
the filter width.
Wiener-Hopf Method
In order to calculate the flame response at dif-
ferent frequencies, different LES simulations would
have to be performed using a forcing signal at each
of the characteristic frequencies. However, a more ef-
ficient method was developed by Huber et al. (2009)
whereby a signal containing all of the frequencies of
interest is imposed at the inlet. The output is then
post-processed such that information on the unit re-
sponse of the system can be gained. Here the fluctu-
ating part of the response of the system y′(t) can be
divided in a dynamic and noise (turbulent) component
y′(t) = y′dyn(t) + y
′
turb(t). The noise is generated
by the natural turbulence of the system whilst the dy-
namic part is direct consequence of the forcing signal.
the dynamic component can also be computed in a dis-
crete fashion by convolution of the input signal with
the unit response h (τ).
y′(n)dyn =
L∑
l=1
h(l)u′(n−l)in , n = 1, 2, ..., NT (4)
where the superscript l refers to the sampling step. The
Wiener-Hopf approach allows for the determination of
the discrete unit response via the solution of a Least
Mean Square Estimation problem of the total fluctuat-
ing part of the output y′(t). The error function ε and
the minimisation problem are defined as:
ε =
NT∑
n=1
(
y′(n) − y′(n)dyn
)2
=
NT∑
n=1
[
y′(n) −
L∑
l=1
h(l)u′(n−l)in
]2 (5)
∂ε
∂h(k)
= 0 (6)
The same procedure can be applied using as forcing
signal the fluctuating velocity and as output the heat
release rate. In this way the FTF (X(f)) can be com-
puted without having to run a large number of simula-
tions. In the state space it is equivalent to the system:
X(f) =
(
Qˆ
Q¯
)
·
(
uˆ
u¯
)−1
(7)
where the fluctuating heat release (Qˆ) is normalised
with the mean part (Q¯) similarly for the fluctuating
(uˆ) and mean velocity (u¯). The heat release rate is
obtained integrating the enthalpy of generation by re-
action over the complete computational domain. The
FTF characterises the amplitude and phase of the re-
sponse of the flame to the acoustic perturbation.
3 Results
The mesh used for the combustor simulations com-
prises ∼ 4.2 × 106 elements and 128 blocks and the
mesh and the geometry of the burner are presented in
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Figure 3: Instantaneous (top) and mean (bottom) velocity profiles in the four different cases. The black contour line represent
the location with zero velocity in the mean field.
Figure 1. To validate the results of the CFD simula-
tion in the mixing section, a comparison with exper-
imental data obtained by Particle Image Velocimetry
measurements is provided. The results for two differ-
ent configurations, corresponding to two different bulk
velocities, are compared at the exit plane of the mix-
ing section in Figure 2. It is to be noted that in the
mixing section the differences in the two variants is
very small. However, this small change in the inlet
profile generates experimentally considerable effects
in the CRZ, flame location and FTF in the combustor.
Results obtained with RANS are presented, Figure
2 in this context they emphasise the necessity of us-
ing a simulation tool of greater accuracy such as LES.
It is clear how RANS fails to depict the peak in axial
velocity in the proximity of the centreline, which is a
key feature for the generation further downstream of
the CRZ. Those profiles are the one used as bound-
ary condition for the BOFFIN calculation. On top of
the mean profiles a fluctuating component is added to
the mean profile which is reconstructed based on the
results from the reversed POD.
In contrast to the RANS results the LES simula-
tions are in good agreement with the measurement.
LES was thus used to obtain all the results to be pre-
sented from here on. The recirculation zone is accu-
rately represented and the magnitude of the velocity
is well captured. The two CRZ appears different in
shape and location. Configuration A has a narrower
and more intense recirculation zone with peak in ve-
locities extending further downstream. Configuration
B in the other hand has a wider and less intense recir-
culation zone, the velocity peak is more flat and does
not extend in the combustion chamber. This appears
evident in Figure 3 where the top half of the figures
represent an instantaneous snapshot of the axial ve-
locity field while the lower half the mean axial filed.
The contour lines represent the region at 0 axial veloc-
ity where the inversion occurs. These velocity fields
have been used with two different mean levels of mix-
ture fraction each referring to a different flame tem-
perature: 1850 K and 1650 K. A representation of
the mean temperature fields is presented in Figure 5
where the differences in the flames is highlighted by
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Figure 4: Mean temperature profiles at the a plane containing the central axis of the combustor. Contour lines refers to maximum
Heat Release Rates consistent in all cases.
the contour plots indicating the maximum heat release
regions. In the CRZ Out case a thicker and flatter flame
is observed while compared to the CRZ In case where
the sides are stretched towards downstream locations
while the centre is sucked towards the mixing section.
Going towards lower flame temperatures the heat re-
lease decreases as observable by a lower area included
in the contour lines. Some influence of the tempera-
ture of the flame is also observable in the velocity field
where the CRZ appears wider when the temperature
drops in both cases: CRZ In and Out.
The FTF for the four cases are presented in Fig-
ure 6. The amplitudes are normalised by a constant
value of 5 for all four cases, the phase by pi and the fre-
quencies by fref = 400Hz. It can be observed in case
with CRZ Out that the amplitude levels are well repro-
duced and the maximum of the response shifts towards
lower frequencies with lower temperature. The phase
diagram also shows good agreement although for fre-
quencies f < 0.3fref it has to be acknowledged that
the overall simulation time is probably not sufficient
to guarantee accuracy. In the case with CRZ In the
simulations appear to be in reasonable agreement with
the experiments at high temperature, however the low
temperature results exhibit some discrepancies, which
are not yet fully understood. Since the discrepancy is
mostly in the low frequency range the lack of full con-
vergence is a possible cause.
4 Conclusions
Four methane flame in a realistic industrial burner
are simulated representing two typical flame tempera-
tures and flow field configurations. The velocity fields
of the two CRZ In and Out were successfully validated
in this context by comparison with experimental data.
A methodology for coupling two different simulation
with different capabilities has been presented and suc-
cessfully implemented. POD provided a inexpensive
and efficient means of reconstructing the turbulence
structures and dynamic perturbations of the velocities
and mixture fraction. The Wiener-Hopf filtering tech-
nique has been implemented to provide an economical
method of determining the FTF as the response to all
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Figure 5: Mean temperature profiles at the a plane containing the central axis of the combustor. Contour lines refers to maximum
Heat Release Rates consistent in all cases.
frequencies can be analysed from a single simulation.
Without this multiple simulations would be required
to obtain discrete information on the response of the
system.
Preliminary calculations for the FTF are presented
to highlight the capability of the method. To accu-
rately represent the low frequency behaviour longer
run times are required because of the larger time scale.
Simulations are currently underway and more accurate
results will be produced as soon as the computed time
will be able to depict the low frequency behaviour.
A very large influence on the chemical mechanism
on the results was observed during the testing phase
where a four-step mechanism for methane was used.
In this case there were large deviations between the
simulated results and measured data. It is therefore
likely that a detailed reaction mechanism, such as that
used, is necessary if reliable and accurate results are to
be obtained.
Acknowledgments
The authors are grateful to General Electrics Power
(Switzerland) for their financial support. This work
used the ARCHER UK National Supercomputing Ser-
vice (http://www.archer.ac.uk).
References
Bellucci, V., Schuermans, B., Nowak, D., Flohr, P.,
Paschereit, C.O. (2005), Thermoacoustic modeling of a gas
turbine combustor equipped with acoustic dampers, J Tur-
bomech, Vol. 127(2), pp. 372-379.
Berkooz G., Holmes P., Lumley J. (1993), Proper orthogonal
decomposition in the analysis of turbulent flows, Annu Rev
Fluid Mech, Vol. 25, pp. 539-575.
Borghesi G., Biagioli F., Schuermans B. (2009), Dynamic
response of turbulent swirling flames to acoustic perturba-
tions, Combust Theor Model, Vol. 13 (3), pp. 487-512.
Biagioli F., Paikert B., Genin F., Noiray N., Bernero S., Syed
K. (2013), Dynamic Response to Turbulent Low Emission
Flames at DIfferent Vortex Breakdown Conditions, Flow
Turbul Combust, Vol. 90 (2), pp. 343-372.
Dopazo C. (1994), Recent developments in PDF methods,
Chapter 7, pp. 375?474. Academic Press, London.
Gallot-Lavalle´e S., Jones W.P. (2016), Large eddy simula-
tion of spray auto-ignition under egr conditions, Flow Turbul
Combust, Vol. 92 (2), pp. 513-534.
00.2
0.4
0.6
0.8
1
|X
(f
)|/
5
0 0.2 0.4 0.6 0.8 1
f/fref [Hz]
0 0.2 0.4 0.6 0.8 1
−1
−0.5
0
0.5
1
f/fref [Hz]
X
(f
) /
pi
(a) CRZ Out.
0
0.2
0.4
0.6
0.8
1
|X
(f
)|/
5
0 0.2 0.4 0.6 0.8 1
f/fref [Hz]
0 0.2 0.4 0.6 0.8 1
−1
−0.5
0
0.5
1
f/fref [Hz]
X
(f
) /
pi
(b) CRZ In.
Figure 6: FTF for the different cases, abscissas are nor-
malised using as fref = 400Hz. Experimental
data are in the left part of the figures where (◦)
refers to 1850 K and (∗) refers to 1650 K. The sim-
ulations are in the right part of the figures where
(−) refers to 1850 K and (−−) refers to 1650 K
Gardiner C.W. (1983), Handbook of Stochastic Methods.
For Physics, Chemistry and the Natural Science, Vol. 13
of Springer Series Synergetics, Springer.
Huber A., Polifke W. (2009), Dynamics of practical pre-
mixed flames, part I: model structure and identification, Int
J Spray Combust Dyn, Vol. 1 (2), pp. 305-311.
Jones W.P., Jurisch M., Marquis A.J. (2015), Examination of
an Oscillating Flame in the Turbulent Flow Around a Bluff
Body with Large Eddy Simulation Based on the Probability
Density Function Method, Flow Turbul Combust, Vol. 95
(2-3), pp. 519-538.
Rayleigh L. (1896), The Theory of Sound, Macmillan, Lon-
don.
Schmidt H., Schumann U. (1989), Coherent structure of the
convective boundary layer derived from large-eddy simula-
tions, J Fluid Mech, Vol. 200, pp. 511-562.
